Introduction
Electrospinning is a popular technique for the production of nonwoven nanofibers made from different polymer and ceramic materials. In this technique a strong electric field is applied between a target and mostly a polymer solution from whose surface a jet is accelerated towards the target. Due to the evaporation of the solvent and the acceleration of the jet fibers ranging in size from nano-to microscale are randomly deposited as nonwovens. The method seems to be simple, however, fiber deposition depends on various parameters. The formation of aligned and straight fibers is usually impaired because of some inherent instabilities. Among others, the jet's bending and the buckling instability are responsible for random fiber deposition. Although in tissue engineering the random fiber deposition is generally appropriate, as it mimics the structure of the extracellular matrix well [1] , increasing control over the fiber deposition offers several advantages like contact guidance of cells on the scaffold or mechanical properties can be engineered by aligning anisotropic fibers within the fabric.
Methods
For electrospinning a polymer solution of 5% (w/w) polyethylene oxide (PEO; Mv=600 000 g/mol; Sigma Aldrich, Vienna, Austria) in water/ethanol (50:50, w/w) was used. The experimental setup [2] is depicted in Fig. 1 . The dissolved polymer was delivered from a syringe capped with a blunt-ended 21 gauge needle, connected to a high voltage U 0 of -9kV. Two symmetric entirely rotatable plate-like auxiliary electrodes were positioned coaxially to the needle at a parallel distance of 8.5 cm. The auxiliary electrodes were supplied with a constant high voltage in the "focus mode" or with a time-varying square wave potential in the "switching mode". The influence of varying deflection voltages and switching frequencies between U 1 and U 2 were investigated. [2] . The voltage waveform at the auxiliary electrodes was either a square wave potential or held at a constant value.
First, the target velocity to achieve straight and aligned fibers was determined by operating the auxiliary electrodes in "focus mode" [3] . The auxiliary electrodes were supplied with the same high voltage for U 1 and U 2 of -10 kV to focus the jet between the plates and to mini-mize the bending instability. A cylindrical aluminum target with a diameter of 40 mm was rotated at various circumferential speeds to evaluate the collection speed necessary to achieve straight fibers. In further experiments the auxiliary electrodes were operated in the "switching mode". The same target was rotated at a circumferential speed of 1 mm / s, only to avoid overlapping of the fibers. The auxiliary electrodes were supplied with high voltages of U 1 and U 2 which were switched between the auxiliary electrodes at a frequency of 40 Hz. Various combinations of U 1 and U 2 were tested to accelerate the jet between the auxiliary electrodes as fast as to deposit straight fibers. The ability of the method to orient fibers at freely adjustable angles was shown on a flat aluminum target by rotating the auxiliary electrodes .
Results
In the "focus mode" straight and aligned fibers were deposited on the rotating target at a circumferential speed of 5 m/s (Fig. 2) . Fibers are also well aligned but with meandering shapes, at lower collection speeds because of the focusing effect of the auxiliary electrodes, confining the bending instability. With alternating supply of the auxiliary electrodes with the high voltage U 2 of -11 kV and U 1 at ground potential, straight and aligned fibers were deposited in the "switching mode" at 40 Hz (Fig. 3) . The feasibility of the "switching mode" to deposit aligned fibers at adjustable orientation angles on flat and stationary targets is shown in Fig. 4 . 
Discussion
The morphology of electrospun fibers can be controlled to a certain degree. However, basic electrospinning yields random fiber fabrics which occurs due to uncontrolled fiber deposition. Usually, for featureless targets, the collecting velocity has to be matched with the velocity of the electrospinning jet to avoid the buckling instabilities and to deposit straight fibers. A rotating target and auxiliary electrodes operated in the "focus mode" were used to determine the required speed to deposit straight fibers. At collecting speeds above 4 m/s the velocity of the jet was probably reached (Fig. 2) . A further improvement by applying the auxiliary electrodes is obtained by operating them in the "switching mode". In contrast to the "focus mode" no moving target is required to deposit straight and aligned fibers. At a potential difference of U 1 =0 kV and U 2 =-11 kV at 40 Hz switching frequency straight and aligned fibers were deposited with this configuration (Fig. 3) . By rotation of the auxiliary electrodes the orientation of the fibers can be freely adjusted (Fig. 4) in a continuous process.
With the presented method it is possible to deposit straight and aligned fibers at freely adjustable angles without interruption of the electrospinning process and regardless of the targets design or its movement.
